p53 gene therapy is being tested clinically for the treatment of human cancer, however, some cancer models (in vivo and in vitro) 
Introduction
The p53 tumor suppressor gene is involved in cell cycle control, apoptosis, genome stability and angiogenesis, through the transactivation of p53-target genes. [1] [2] [3] Mutations in the p53 gene are the most commonly detected in human cancers. 4, 5 Inactivation of p53 is involved not only in carcinogenesis, but also in conferring resistance to chemotherapy. 6, 7 Therefore, therapeutic replacement of the wild-type p53 gene has been pursued as a potential gene therapy strategy in a variety of cancer types. 8 This strategy relies in part on the apoptosis induced by wild-type p53. High level expression of p53 causes some cancer cells to undergo apoptosis, whereas others simply undergo prolonged cell-cycle arrest. 9 Additionally, in clinical trials, the restoration of the wildtype p53 gene function does not always lead to tumor regression or tumor growth inhibition, suggesting resistance of some tumors to exogenous p53. [10] [11] [12] Therefore, to improve the efficacy of p53 gene therapy, it would be important to overcome the resistance to p53-mediated apoptosis. p73 and p51/p63 were recently identified as members of the p53 gene family and encode proteins that share considerable structural homology with p53. [13] [14] [15] [16] p73 and p51/p63 can bind to the p53 responsive elements and upregulate some p53 target genes, which suggest that the p53 family member genes have a potential for functional overlap with p53 itself. [17] [18] [19] [20] However, in contrast to p53, p73 and p51/p63 are rarely mutated in human cancers. 21 Li-Fraumeni syndrome patients have inherited mutations of the p53 gene and develop normally, but are predisposed to cancer, 22 while heterozygous germline mutations in the p51/p63 gene are the cause of ectrodactyly, ectodermal dysplasia and facial clefts (EEC) syndrome. 23 Strikingly different phenotypes between p73-(or p51/p63-) deficient and p53-deficient mice were also reported. [24] [25] [26] [27] In contrast to p53-deficient mice, mice lacking the p73 or p51/p63 genes show no increased susceptibility to spontaneous tumorigenesis. Instead, p73-deficient mice have neurological, pheromonal and inflammatory defects. p51/p63-deficient mice have major defects in their limbs and craniofacial development, as well as a striking absence of stratified epithelia, suggesting that p51/p63 is required for limb and epidermal morphogenesis. These studies demonstrate a marked divergence in the developmental roles of p73 and p51/p63, and further distinguished these p53 family genes from p53. Unlike p53, both p73 and p51/p63 proteins exist in multiple isoforms with different, often contradictory, biological activities, and production of p73 and p51/p63 appears to be restricted to certain tissues. 16 When overexpressed, exogenous p73␤ and p51A/p63␥ can activate the same target genes as p53 and can induce apoptosis. However, the studies of p53 and p53 family members have used different cell types and have used different methods to induce gene expression. [17] [18] [19] [20] It has therefore been difficult to make direct comparisons between the apoptotic activity observed in independent studies. In the present study, to evaluate the anti-cancer activity of p73 and p51/p63 in comparison with that of p53, we sought to analyze growth arrest and apoptosis induced by the p53 family genes using adenoviral vectors in a panel of human colorectal cancer cell lines. We found that the apoptotic response to the p53 family genes was uniform in some cell lines and heterogenous in others. Our results suggest that adenovirus-mediated p73␤ and p51A/p63␥ gene transfer is a potential novel approach for the treatment of colorectal cancers, particularly for tumors that are resistant to wild-type p53 gene therapy.
Results

Adenovirus-mediated gene transfer in colorectal cancer cells
To examine the effect of expression of exogenous p53 family genes on proliferation of colorectal cancer cells, we used the replication-deficient adenoviral vector harboring human p53 (Ad-p53), p73␣ (Ad-p73␣), p73␤ (Adp73␤), p51A/p63␥ (Ad-p51A) and p51B/p63␣ (Ad-p51B) cDNAs. The relative efficiency of adenovirus-mediated gene transfer was assessed as the percentage of X-gal staining cells after infection with adenovirus containing the bacterial lacZ gene (Ad-lacZ) at a multiplicity of infection (MOI) ranging from 10 to 200. Of 13 cell lines tested, 10 cell lines showed highly efficient gene transfer with 80 to 100% of the cells staining for ␤-galactosidase activity at a MOI of 100, and these 10 cell lines were used in this study.
p53, p73, and p51/p63 expression in adenovirusinfected cells
According to the efficiency of gene transfer assessed by X-gal staining, the cells were infected with adenovirus at a MOI of 100. The expression of p53 was detected by immunoblot analysis. A high level of expression of p53 protein was achieved in cells infected with Ad-p53 (examples in Figure 1A ). In Ad-lacZ-infected SW480 cells, the endogenous mutant p53 protein was seen at a low level. In contrast, the endogenous p53 protein in DLD1 and HCT116 cells infected with Ad-lacZ was not detectable. Similarly, infection with Ad-p73␤ and Ad-p51A into these cells resulted in expression of exogenous p73␤ and p51A/p63␥ proteins, respectively (examples in Figure  1A ). These results indicate that the expression of the p53 family genes by the adenovirus-mediated transfer were highly efficient in human colorectal cancer cells tested here. We then compared the ability of p53, p73␤ and p51A/p63␥ to transactivate endogenous p21, a known p53-target gene, 28 24 h after infection. Overexpression of p51A/p63␥, like p53, led to an increase in p21 protein in both DLD1 and SW480 cells, while p73␤ expression resulted in a slight increase in p21 protein only in DLD1 cells ( Figure 1B) . 
Effect of adenovirus-mediated transfer of the p53 family genes on cell cycle progression
The effect of adenovirus-mediated transfer of the p53 family genes on cell cycle progression was assessed by flow cytometry. Cells were infected at a MOI of 100, harvested at 48 h following adenoviral infection, and then assayed for DNA content. We evaluated the response to each of the adenoviral gene transfers, reflected by flow cytometry patterns, as follows: apoptosis (over 25% of the cells in sub-G1 population) and cell cycle arrest (over 50% decrease of cells in S phase in the absence of apoptosis). A summary of flow cytometric analysis is shown in Figure 2. In the present study, only a few cell lines displayed apoptosis after adenovirus-mediated transfer of p73␣ and p51B/p63␣ (Figure 2 ), and the degree of apoptosis was lower than in cells infected with Ad-p73␤ and Adp51A/p63␥, respectively (examples in Figure 3 ). Similar results were previously reported in different cell types.
14,20 These differences in response were not simply attributable to differences in the expression levels, as determined by immunoblot analysis. 20 Therefore, we analyzed p73␤ and p51A/p63␥ isoforms in further detail. Cell lines that underwent cell cycle arrest after infection were accompanied by a significant increase in the proportion of cells in the G0-G1 phase. Among 10 cell lines, six showed similar responses to each of p53, p73␤ and p51A/p63␥. For example, SW480 and CHC-Y1 cells underwent G1 arrest in response to p53, p73␤ or p51A/p63␥. colo320, DLD1 and HCT15 cells also underwent apoptosis in response to p53, p73␤ or p51A/p63␥. In contrast, cell cycle progression in HT29 cells was unaffected. In the four other lines (LoVo,
Figure 2 Summary of FACS analysis. The effect of adenovirus-mediated transfer of the p53 family genes on cell cycle progression is shown. The adenoviral infection resulted in apoptosis (over 25% of the cells in sub-G1 population at 48 h following infection) or cell cycle arrest (over 50% decrease of cells in S phase in the absence of apoptosis). Some cells showed neither apoptosis nor cell cycle arrest following adenoviral infection (empty boxes). The p53 status in the cell lines was reported previously (wt, wild type; mut, mutant)
. [40] [41] [42] [43] The gene transfer efficiency of the adenovirus was evaluated after infection with Ad-lacZ at a MOI of 100 using X-gal staining. Experiments were repeated three times, and the mean percentages are shown.
HCT116, WiDr and BM314), expression of the p53 family genes had variable effects on the flow cytometric patterns ( Figure 2) .
A time-course study was performed on two cell lines that exhibited apoptotic (DLD1) or G1 arrest (SW480) responses. Both cell lines initially displayed cell cycle arrest, with cells blocked in the G1 phase 24 h after infection with either Ad-p53, Ad-p73␤, or Ad-p51A (Figure 3a and b). A significant sub-G1 peak was detected in DLD1 cells at 48 h after infection ( Figure 3a) . In striking contrast to DLD1 cells, SW480 cells displayed a little or no sub-G1 fraction up to 96 h after infection ( Figure 3b ). Even when SW480 cells were infected at a MOI of 200, sub-G1 population was not observed 48 h after infection ( Figure  3b ). p21 is a well-known mediator of p53-induced growth arrest. To evaluate the relationship between p21 and the growth arrest/apoptosis switch, we analyzed the effect of exogenous p21 overexpression on these two cell lines. The infection of Ad-p21 resulted in a significant G1 arrest in both cell lines. Considered together with the result of endogenous p21 expression after overexpression of the p53 family genes, these observations demonstrate that p21 was not responsible for the growth arrest/apoptosis switch. As both cell lines have mutant alleles of the p53 gene, the status of endogenous p53 does not correlate with the cell line response to overexpression of p53, p73␤ or p51A/p63␥.
In HCT116 and LoVo cell lines, which have wild-type p53, Ad-p53 infection did not result in apoptosis. Interestingly, LoVo showed an increase of the sub-G1 population following transduction of p73␤ or p51A/p63␥, and HCT116 showed a significant increase of the sub-G1 population after Ad-p51A infection (Figure 4) . Moreover, WiDr cells, which were also resistant to p53-mediated apoptosis, underwent apoptosis after Ad-p51A infection. These findings indicate that p51A/p63␥ and possibly Gene Therapy p73␤ gene transduction may be useful in the treatment of cancers resistant to p53 gene therapy.
Effect of adenovirus-mediated transfer of the p53 family genes on cell viability
To compare the effect of expression of exogenous p53 family genes on growth of DLD1 and SW480 cells, cells were infected at MOIs between 10 and 200, and the number of the viable cells was counted on the 4th day after infection. Figure 5 shows the inhibition of growth of cells exposed to different concentrations of adenovirus. As expected, adenovirus-mediated transfer of p73␤ or p51A/p63␥, like p53, cause growth inhibition of DLD1 cells in a dose-dependent manner. For example, the reduction in viable cells was 30, 65 and 98% for Ad-p53-infected DLD1 cells compared with Ad-lacZ-infected cells at the MOI of 20, 50 and 100, respectively ( Figure 5 ). On the other hand, the p53 family genes had little effect on the cell viability of SW480 cells. These results suggest that growth suppression observed in DLD1 cells was caused by apoptosis.
Effect of combined therapy of adenovirus-mediated transfer of the p53 family gene and adriamycin in SW480 cells
Since expression of wild-type p53 is known to accelerate apoptosis induced by DNA-damaging agents, we tested whether Ad-p73␤ or Ad-p51A enhance the chemosensitivity of SW480 cells to DNA damaging agents. In the absence of DNA damaging agents, transduction of p53, p73␤ or p51A/p63␥ adenovirus did not induced apoptosis in SW480 cells. Twenty-four hours after adenoviral infection, adriamycin was added to the cultures, and cells were analyzed by flow cytometry 3 days after commencement of treatment. As shown in Figure 6a , AdlacZ-infected cells co-treated with adriamycin (0.2 g/ml) displayed a significant G2/M accumulation but no apoptosis, whereas either Ad-p53-or Ad-p51A-infected cells underwent apoptosis after addition of adriamycin. These results suggest that overexpression of p53 or p51A/p63␥ augmented apoptosis induced by adriamycin. In contrast, adriamycin treatment of Ad-p73␤-and Ad-p21-infected cells, both of which initially showed a significant G1 arrest, did not induce apoptosis. Therefore, induction of apoptosis after combination therapy of Ad-p53 or Ad-p51A and adriamycin was not due to the ability of this drug to act on arrested cells, but due to combined effects with gene transduction on chemosensitivity. Moreover, Ad-lacZ-infected cells treated with 8 Gy of X-radiation displayed G1 and G2/M accumulation but no apoptosis, whereas Ad-p53-or Ad-p51A-infected cells underwent apoptosis after exposure of X-ray, suggesting that overexpression of p53 or p51A/p63␥ also augment apoptosis induced by X-radiation. We then examined the effect of the combination therapy on cell viability. As shown in Figure 6b , the increased growth suppression by combination therapy was dependent on adriamycin concentration. Prior Ad-p73␤ therapy had a weaker enhancing effect on adriamycin-induced cytotoxicity compared with that of Ad-p53 or Ad-p51A (Figure 6b) . A similar increase in growth suppression was also seen in the combination with X-radiation (data not shown).
Tumorigenicity of adenovirus-infected colorectal cancer cells
To further determine whether the observed inhibitory effects of the p53 family proteins on tumor cell proliferation in vitro could be demonstrated in an in vivo model, we tested the tumorigenic potential of adenovirusinfected colorectal cancer cells in nude mice (Table 1) . Viable DLD1 cells (2 × 10 6 /mouse) infected with either Ad-lacZ, Ad-p53, Ad-p73␤ or Ad-p51A for 16 h were subcutaneously injected into seven mice in each treatment group. Tumors started to form around 7 days after injection and were observed in all mice who received injections of Ad-lacZ-infected DLD1 cells. Once tumors were established, they grew aggressively, ultimately reaching an average volume of about 600-900 mm 3 within 4 weeks after injection. In contrast, however, no tumors formed in any mice who received injections of DLD1 cells that had been infected with either Ad-p53, Ad-p73␤ or Ad-p51A within the same periods of time, indicating that the tumorigenicity of DLD1 cells was completely suppressed by infection with Ad-p53, Adp73␤ and Ad-p51A. When nude mice were inoculated with HCT116 cells, they grew more aggressively than DLD1 cells. The tumorigenicity of Ad-p51A-infected HCT116 cells was significantly reduced compared with Ad-lacZ-infected HCT116 cells. In contrast, Ad-p53 had a weak activity in reducing tumor size and Ad-p73␤ had a moderate activity (Table 1 ). This in vivo result correlates with the specificity observed in vitro. Cells were infected with Ad-lacZ, Ad-p53, Ad-p73␤ and Ad-p51A, respectively. Sixteen hours after adenoviral infection, 2 × 10 6 cells were injected s.c. into each nude mouse. Mice were scored for tumor formation after the indicated number of days. Results are reported as the mean ± s.d. in seven mice for each treatment group. a No tumor was observed in these mice for an extended period of 35 days.
Gene Therapy
Discussion
p53 gene therapy has been tested clinically for several types of cancers. However, some in vitro and in vivo models are resistant to p53 gene therapy. [10] [11] [12] 29 In this study, we investigated the efficacy of adenovirus-mediated transfer of p73 and p51/p63 gene in comparison with that of p53 for colorectal cancer therapy. We tested a panel of widely studied colorectal cancer cell lines for sensitivity to apoptosis after adenovirus-mediated transfer of p53 family genes. The adenoviral vector used here has the advantage of being applicable for in vivo gene delivery because of its broad host range, high viral titer and high transduction efficiency. Additionally, the ability to produce large quantities of purified adenoviral vector with ease makes this method very attractive for clinical use.
Our findings led to several important conclusions regarding the p73 and p51/p63 gene transduction as a useful approach for anti-cancer therapy: (1) the majority of cell lines we tested displayed similar responses following transduction of p53, p73␤ or p51A/p63␥, but less effect was observed following transduction of p73␣ or p51B/p63␣; (2) three cell lines resistant to p53-mediated apoptosis underwent apoptosis after transduction of p73␤ or p51A/p63␥; (3) Ad-p51A, like Ad-p53, in combination with DNA damaging-agents (adriamycin or Xradiation) showed synergistic effects in SW480 colorectal cancer cells, which are resistant to apoptosis when treated with p53 family gene transfer alone; and (4) in vivo tumorigenicity assay revealed that overexpression of p73␤ and p51A/p63␥ efficiently inhibited the tumorigenicity of colorectal cancer cells in nude mice.
The majority of cell lines studied here responded similarly to overexpression of the p53 family genes, p53, p73␤ and p51A/p63␥ (Figure 2 ). These results suggest that a number of genes transcriptionally activated by p53 are also activated by the p53 family gene products, p73␤ and p51A/p63␥ isoforms. Transduction of p53, p73␤ and p51A/p63␥ induced similar growth inhibition in DLD1 and SW480 cells (Figures 3 and 4) , however, Ad-p73␤ transfer, unlike Ad-p53 or Ad-p51A, had little effect on endogenous p21 protein in both cell lines ( Figure 1B) . The heterogeneity in transactivation suggests that some of the genes transcriptionally activated by the p53 family genes are codependent on different transcription factors.
Introduction of wild-type p53 induces apoptosis in some cancer cell lines with deleted or mutated p53. [30] [31] [32] Polyak et al, 9 however, demonstrated that the status of endogenous p53 is not strictly associated with the response of colorectal cancer cells to overexpression of exogenous wild-type p53, consistent with our findings using Ad-p53 infection. We also found that the status of endogenous p53 did not correlate with the cell's response to p73␤ or p51A/p63␥ overexpression (Figure 2) . Furthermore, three cell lines, including both cell lines with endogenous wild-type p53 alleles, underwent apoptosis after transduction of p73␤ or p51A/p63␥, but not after transduction of p53. These observations suggest that differences in apoptotic effects of overexpression of the p53 family genes might reflect the genetic characteristics of the recipient cancer cells. Further investigation is required to clarify the mechanisms underlying different responses between the p53 family genes on LoVo, HCT116 and WiDr cells. It is possible that downstream components in the p53-specific signaling pathway may abrogate the apoptotic response. A recent report has demonstrated that p73␣ transduction induces more apoptosis than p53 in U-87MG glioma cells, which express endogenous wild-type p53. 33 Since human cancer cells containing the wild-type p53 gene are generally resistant to p53 gene therapy both in vitro and in vivo models, [30] [31] [32] our results indicate an advantage of p73␤ and p51A/p63␥ gene therapy over p53 gene therapy in tumors expressing wild-type p53.
Previous studies have shown that the restoration of wild-type p53 may increase drug-and radiation-sensitivity. [34] [35] [36] Infection of p53 family gene adenovirus alone did not induce apoptosis in SW480 cells. In contrast, here we performed adenoviral infection in combination with adriamycin or X-radiation and noted induction of apoptosis. We demonstrated that p51A/p63␥ transduction, like p53, increased the sensitivity to adriamycin and X-rays in apoptosis-resistant SW480 cells. The p53 family gene transfer might permit a reduction in the dose of chemotherapeutic agents or radiation and thereby minimize harmful side-effects. These findings justify the investigation of Ad-p51A in addition to Ad-p53 as a single agent or in combination with DNA damaging agents or radiation for the treatment of human cancers. Ad-p73␤ did not enhance the chemosensitivity of SW480 cells to DNA damaging agents (Figure 6 ), however, there is conflicting data of p73␣ on the resistance to treatment with DNA-damaging agents in human ovarian cancer cell line. 37 Although these findings were obtained in one cell line only, therefore have to be considered with caution, specific function of ␣-type isoform of the p73 gene would be attributable to the carboxy-terminal SAM domain.
In the present study, a few cell lines displayed apoptosis after infection with Ad-p73␣ or Ad-p51B (Figure 2) , and the degree of apoptosis induced by p73␣ and p51B/p63␣ was also weaker than other isoforms, p73␤ and p51A/p63␥, respectively (examples in Figure  3 ). We previously demonstrated that two isoforms of p73 (p73␣ and p73␤) and p51 (p51A/p63␥ and p51B/p63␣) have distinct abilities to activate the transcription of a p53 responsive reporter gene and to suppress cell growth as assessed by G418 colony formation assay; 20 p73␤ and p51A/p63␥ were similar to p53, while p73␣ and p51B/p63␣ had less effect. Similar observations have been reported independently.
14, 38 Yang et al 14 also showed that p51A/p63␥ has strong transactivation activity in reporter systems using p53 response elements. In transient transfection systems, p51A/p63␥ induced cell death with kinetics and features similar to p53-induced apoptosis, while p51B/p63␣ did not transactivate the p53-responsive reporter gene and did not induce cell death. Prabhu et al 38 showed that p73␣ was a less potent suppressor of SW480 cells in a colony suppression assay.
In conclusion, we propose p73 and p51/p63 gene therapy as possible alternatives to p53 gene therapy. The p53 gene is abnormal in more than half of all human cancers, and thus, restoration of the functional p53 protein into these tumors is a desirable for anti-cancer therapy. The effect of retrovirus-or adenovirus-mediated p53 gene transfer into tumors of patients with non-small-cell lung cancer was effective in a subset of patients, however, some cancers exhibited resistance to p53 gene therapy. [10] [11] [12] Although it should be noted that ample data suggest that one of the major weaknesses of adenovirus-mediated gene therapy is less that optimal delivery, it would be important to override the resistant mechanisms against Ad-p53 gene therapy. Our results indicate that Ad-p51A and probably Ad-p73␤ gene therapy is not only effective, but also a candidate approach to overcome this resistance in some human cancers.
Materials and methods
Cell lines and cell culture
Ten human colorectal cancer cell lines used in this study were purchased from American Type Culture Collection (Manassas, VA, USA) or the Japanese Collection of Research Bioresources (Osaka, Japan). All cells were cultured under conditions recommended by their respective depositors. SW480 cells were maintained in Leibovitz's L-15 with 10% fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS, USA). LoVo cells were grown in Ham's F-12 medium with 20% FBS. The other eight cell lines HCT116, colo320, DLD1, HCT15, WiDr, HT29, BM314, and CHC-Y1 were maintained in RPMI 1640 with 10% FBS.
Recombinant adenovirus
The recombinant adenoviral vectors expressing human p53, p73␣, p73␤, p51A/p63␥, p51B/p63␣ and p21 cDNA and the bacterial lacZ gene were constructed as previously described. 20, 39 Essentially, we used a replicationdeficient E1-deleted Ad5 vector pJM17 (Microbix Biosystem, Toronto, Ontario, Canada) as a backbone and the corresponding genes were regulated under the control of a human cytomegalovirus promoter/enhancer and a bovine growth hormone polyadenylation signal. Adenovirus titer in plaque forming units (p.f.u.) was determined by plaque formation assays following infection of 293 cells. The multiplicity of infection (MOI) was defined as the ratio of the total number of p.f.u. used in a particular infection to the total number of cells to be infected. To assess efficiency of the adenovirus-mediated gene transfer, cells were infected with Ad-lacZ at a MOI ranging from 10 to 200. After 48 h, Ad-lacZ-infected cells were fixed in 0.05% glutaraldehyde at 4°C for 10 min, washed with PBS, and stained with X-gal (5-bromo-4-chloro-3-indolyl-b-d-galactopyranoside), resulting in a blue color in ␤-galactosidase-expressing cells.
Immunoblot analysis
Five micrograms of each protein lysate were separated by electrophoresis on a 10% SDS/acrylamide gel and transferred to Immobilon P membranes (Millipore, Bedford, MA, USA). After blocking nonspecific binding with 5% milk and 0.1% Tween-20 in PBS, membranes were incubated with either anti-human p53 (clone DO-7, Santa Cruz Biotechnology, Santa Cruz, CA, USA), antihuman p73 (clone ER-15, Oncogene Research, Cambridge, MA, USA), or anti-human p63 monoclonal antibodies (clone 4A4, Oncogene Research) as recommended by the supplier. After incubation with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology), the membrane was then processed in ECL Western blotting detection reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK) and exposed to X-ray film.
Flow cytometry and cell growth analysis
Cells (2 × 10 5 ) were plated in T25 flasks. Twenty-four hours after plating, the cells were incubated with purified virus in 1 ml medium with 1% FBS with brief agitation every 10 min. For flow cytometry analysis, at various times after infection, cells were harvested by trypsinization and pelleted by centrifugation. Pelleted cells were then fixed in 90% cold ethanol, treated with RNase A (500 units/ml), and stained with propidium iodide (50 g/ml). Samples were analyzed on a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA). Experiments were repeated at least three times, and 50 000 events were analyzed for each sample. Data were analyzed using the ModFIT model program (BectonDickinson). For cell growth analysis, cells were infected with adenovirus at the MOI of 20, 50, 100, or 200. The number of viable cells was counted using the trypan blue exclusion method and a hemocytometer on the third day after infection.
Combination therapy
Twenty-four hours after infection, cells were treated with either 0, 0.008, 0.04, or 0.2 g/ml adriamycin, or were exposed to 8 Gy of X-radiation at a dose rate of 3.2 Gy/min using 15 MV X-rays generated by a linear accelerator at room temperature. At various times the cell growth assay and cell cycle analysis were performed as described above.
In vivo tumorigenicity assay
All animals were maintained, and all animal experiments were conducted according to the principles enunciated in the Guide for the Care and Use of Laboratory Animals prepared by the Office of the Prime Minister of Japan. For the tumorigenicity assay, DLD1 or HCT116 cells were infected with either Ad-lacZ, Ad-p53, Ad-p73␤ or Adp51A at a MOI of 100 for 16 h. Infected cells were harvested by trypsinization, washed in PBS and counted by trypan blue exclusion staining. Viable cells (2 × 10 6 cells in 200 l) were then injected subcutaneously (s.c.) into the right flank of female BALB/c nude mice, 4-6 weeks of age. Seven mice were used for each treatment group. Tumor formation in mice was observed weekly up to 5 weeks. The tumor volume was calculated using the equation V (mm 3 ) = a × b 2 /2, where a is the largest dimension and b is the perpendicular diameter.
